This chapter presents a novel approach to optimizing the design of stormwater management systems based on lifecycle cost. A new mathematical model coupled with PCSWMM, and Genetic Algorithms are employed to search for a global optimal design solution for a new stormwater management system. The model also ensures that the global optimization meets a set of design constraints including design guidelines and objectives.
Introduction
Design optimization is a process of searching for a feasible and economic solution that achieves multiple design objectives and at the same time satisfies all design and feasibility constraints. Urban stormwater networks are directly related to economic development, historical preservation, human health protection and environmental protection. For urban stormwater, the goal is to reduce urbanization impacts by meeting approximate pre-development conditions subject to budgetary constraints.
Cost analysis is a major issue in the design and decision-making process because achieving the lowest cost is always the ultimate goal for an optimal design solution. The monetary budget of the organization responsible for stormwater management is always a strict decision constraint, and limits the capital (construction), operating and maintenance expenses.
Stormwater management systems, like other infrastructure systems, are usually expensive and expected to continue to function for a number of decades. For example, the common serviceable expectation of a stormwater pipe system is 70 to 120 years. In Detroit, the 100 y old brick pipe system is still in service. By the future value factor of (1+i) n , it can be easily understood that the proportion of the operation and maintenance (O&M) cost in the total cost of a project becomes more significant as the project moves forward. Furthermore, because of aging and deterioration problems, the performance of any infrastructure will gradually degrade and need more frequent inspections and renewals. This will also contribute to an increase of the O&M cost. Life cycle cost modeling can provide more accurate information on these problems for decision making in the early stage of an infrastructure project, help make appropriate investment decisions, and reduce costs in the long run.
Unfortunately, most research to date has focused on capital cost only. This was largely due to the lack of well-maintained data on the O&M cost thus making a life cycle cost study inadequate, with a high level of uncertainty. Additionally, many design optimization tools use empirical cost functions rather than conduct accurate cost estimation by using detailed design configurations.
This chapter presents a new holistic approach to optimizing the design of urban stormwater systems based on lifecycle cost. A mathematical model for searching a globally optimized stormwater sewer system and BMP configuration is developed. Genetic algorithms are implemented in the model for design optimization, and the model integrates with PCSWMM, which is used to examine the design performance.
This study can be divided into two major parts: (i) Design Optimization Model and (ii) Lifecycle Cost Analysis Model. The two models are conceptually independent of each other. However, because the design optimization model needs feedback from the lifecycle cost analysis model, data exchange between the two models is necessary. In real applications, the two parts are integrated using XML and XML style sheets.
3-D Optimization Design Model (3DOM)
Pipe systems with the functions of conveying flows and connecting facilities are major components of any urban water management system. Since pipes direct flow both horizontally and vertically, a stormwater management system is a three-dimensional network.
Three-dimensional network optimization problems have not been extensively studied. The additional dimension introduces complexity and creates many more difficulties. It requires the simultaneous selection of the least-cost solution for the system plan layout and vertical design, subject to hydraulic, hydrology, quality and construction constraints and to the restrictions of real applications (Diogo et al, 2000) .
Three-Dimensional Design Optimization Problem
In stormwater management system design, the design objectives are to:
1. approximately meet pre-development conditions in terms of peak flow, 2. avoid surcharging under specific design storms, more specifically avoid the hydraulic grade line rising above basement floor level, underpass road elevations, etc., and 3. minimize life cycle cost. The first objective can be achieved by the optimization of BMPs (e.g. storage facilities, infiltration facilities, permeable pavements etc.) and the second objective can be achieved by the optimization of the conveyance system. The third objective is conducted through the above two optimization processes.
In order to simplify the optimization problem, we transform the multiobjective optimization into a single-objective optimization problem by treating the first two objectives as two additional constraints. If the design solution does not satisfy the two objectives, it is an infeasible solution. The feasibility of all solutions must be ensured during the above optimization processes. Therefore, the design constraints and objectives can be mathematically stated:
where: LCC = lifecycle cost of the whole system C cap = capital cost of the whole system LLC O&M = lifecycle O&M cost of the system LLC flood = flood damage cost of the system = the unit cost of the BMP j T and T' = the set of design constraints for pipe design and BMP design respectively p i and p j = the corresponding network parameters of design constraint for pipe i and BMP j respectively (i.e. the pipe diameter and slope, the width, depth and side slope of the storage etc). In order to reduce the complexity of the model, the routing algorithms are operated in two-phases. First, a modified 2-D routing is performed that determines the topologies of the network system with modified minimum pipe length. This is followed by a detailed routing phase, where the final network system configuration, including the factors of pipe size, slope, roughness, pipe type etc., is determined in terms of layers, and track assignments. Thus the network design optimization model is decomposed into two sub-models: network layout optimization module (LOM) and network detailed design module (DDM).
Network Layout optimization module (LOM)
The network layout problem can be formally represented in graph theoretic notation as a weighted graph, with the components (e.g. manholes and BMPs) as nodes, and the conduits connecting them as edges. The weights of the edges represents the costs of the conduits, and the weights of the nodes represents the costs of nodes, which can be either the cost of the manhole or the cost of BMPs. In graph theory, a typical problem input can be stated: there is graph G = (V, E) Where:
Let c ij be the weight or cost of an edge e ij . The number of outlets in the network k is given.
The output consists of disjoint subsets
C=∑ c ij is minimized.
] represents the subset containing v i , and C is the overall cost of the system.
Note that in the network design problem, we do not have any edge in the input graph, only vertex sets and outlets are given. Therefore the model must produce the edge, validate the edge for feasibility, and evaluate the cost of the edge.
The manhole spacing defines the edge. There is a maximum distance requirement between any two connected manholes. If the length of a pipe, which connects two manholes, exceeds the maximum value required by the design code, the solution is infeasible. One manhole can only connect with other manholes within the maximum distance. This constraint is the key to constructing a connected input graph.
In this study, we assume that the network can be treated as a tree-like graph. The problem in the LOM can therefore be termed a minimum spanning tree problem. But there is one slight difference between the network layout problem and the typical minimum spanning tree problem in graph theory. The latter only has one root in the tree structure, whereas a drainage system usually can have multiple roots. Among many available algorithms for solving minimum spanning tree problems, Dijkstra's algorithm has been proven to be effective for searching least-cost spanning tree (Li et al., 1990; Minieka, 1978 cited by Li et al., 1990; Ahuja et al., 1993 ). Dijkstra's algorithm solves the problem of finding the shortest path from the root node S to all other nodes in a graph with nonnegative edge lengths. Dijkstra's algorithm can be explained as follows:
1. For a set composed of K nodes, randomly select one. Place it in the root node subset S (i.e. size is 1). The remaining nodes are stored in subset S (i.e. size is K-1); 2. For each node in subset S , select the node with the least distance to the nodes in subset S. Place the selected node into the subset S and eliminate the selected node from subset S .
Repeat 2 until all nodes have been placed into the subset S.
Implementing Dijkstra's algorithm requires that the cost between each two nodes be given. Since sewer systems preferably flow by gravity, negative slopes certainly increase the excavation cost, so that we can use a modified length to represent the cost between any two nodes (or manholes). The modified length is the physical distance between two particular nodes plus the elevation difference between them. This algorithm starts by forming a minimum spanning tree from the root-set. Because it is a deterministic algorithm in nature, we certainly can get the least-cost tree once the cost between each two nodes is given.
Vertical configuration problem
In network (vertical) configuration design, we have to consider the hydraulic and construction constraints and the restrictions of real applications. The set of design constraints considered in this model is as follows:
a. minimum pipe slope, which is a function of pipe size, b. maximum construction slope, c. minimum pipe cover, d. maximum pipe cover, e. hydraulic continuity through manholes (downstream pipe crown elevations equal to or lower than those of the upstream pipes), f. downstream section progression (pipe diameters do not decrease in a downstream sense), and g. commercially available pipe type and pipe size.
In order to maintain the diversity of design alternatives, the size and slope of all conduits are set randomly while subject to the design constraints above. A layered assignment method is developed for this purpose.
Layer assignment method:
Each node is assigned an integer value, which defines the distance from the particular node to its root. The roots have a layer number of 0 and the farthest nodes have the largest layer number. Because a sewer system is a directed network, each edge in the network has its direction toward the roots. Therefore, once the network connectivity is given, the upstream node and downstream node of each edge are known as well. This observation helps us form an algorithm to determine the layer number for each node, called the layering rule. The common layering rule is that the layer number of each upstream node is the number of its downstream node +1. For example, the layer number of the root is 0 and first upstream node of a root is 1. If a node does not have any upstream node, we term it a leaf node. In the layered assignment method, we reverse the common layering rule. Each leaf node is assigned number 0 and each root node has the largest layer number in its path. Pipe sizing and pipe slope determination start from leaf nodes and are conducted layer by layer until the root is reached.
Optimization Algorithm
The pipe sizing and pipe slope determination optimization problem is an NP-hard problem (nondeterministic polynomial time complete problem) due to the large number of system components as well as the number of available pipe sizes and types. For example, if a network contains 30 pipes with a set of 14 discrete pipe diameters and there are 3 BMPs options, then the available design combinations will be 3x2x1x14 30 = 1.452085942E35. Therefore, it is crucial to select suitable algorithms for identifying the best solution in such a huge search space. We chose genetic algorithms (GA) to perform design optimization in this model. Inspired by Charles Darwin's theory of evolution, the genetic algorithms mimic the natural selection process to solve the optimization problem. They are typical heuristic methods for problem solving. Complex combinatorial and organizational problems can be solved with many variants, by employing the analogy with nature's evolution. In every generation, a new set of artificial creatures (strings) is created using bits and pieces of the fittest of the old; an occasional new part is tried for good measure. While randomized, genetic algorithms are no simple random walk. They efficiently exploit historical information to speculate on new search points with expected improved performance (Goldberg, 1989 As such, the optimization is then become an iterative and routine job. There are a few rules to set up an encoding schema for a tree-like problem -the schema should be:
1. capable of representing all possible trees and only trees, to the extent that no-trees must not be represented, 2. unbiased in the sense that all trees are equally represented, and 3. able to go back and forth easily between the encoded representation of the tree and the tree's representation in a more conventional form suitable for evaluating the fitness function and constraints.
One of the classical theorems in graphical enumeration is Cayley's theorem that there are k k-2 distinct labeled trees on a complete graph with k nodes (Balakrishnan, 1997) . Prüfer provided a constructive proof of Cayley's theorem by establishing a one-to-one correspondence between such trees and the set of all strings of k-2 digits (Batko, 1999) . This means that we can only use (k-2) digit permutation to uniquely represent a tree where each digit is an integer between 1 and k inclusive. This permutation is usually known as the Prüfer number. In this model, we use the modified Prüfer number to represent the network Connectivity. Table 3 .2 shows the representation of the network as a modified Prüfer number. All nodes including roots are presented in Table 3 .2. The root nodes, however, have been assigned a special number -1, so that the computer program can recognize it as a root node.
In order to find the best layout, this research has been done in two phases. The first phase is using GA only without Dijkstra's Algorithm implementation. The second phase implements the modified Dijkstra's Algorithm with GA. In the first phase, the best layout of a simple network was reached after 40 generation (with 20 chromosomes of each generation) as shown in Figure 3 .2. This layout thereafter obtained by modified Dijkstra's Algorithm, and further to prove it to be the best layout of the studied network. The Modified Prüfer Number which is used to represent the best layout or the best network connectivity is then written to a text file as shown in Figure 3 .3.
After the network connectivity is established, it can be extended to construct the chromosome by inserting the essential parameters we set up in detailed design model. Then the chromosome is the representation of the network-detailed-design.
The GA encoding for the problem is straightforward. A simple string representation is typically used in which each gene represents the logic value to be applied to a particular input of the network (in this case the stormwater management system) at a specific time. Standard crossover and mutation operators can therefore be used. 
Lifecycle Cost Analysis Model
Lifecycle Cost (LCC) modeling is an economic method to determine the total cost of a stormwater management system over its economic life or full life cycle. In general terms, LCC includes the initial cost, maintenance cost, operating costs, replacement or repair cost, disposal cost, and other costs such as taxes, depreciation, and additional management costs. In other words, LLC modeling combines the estimated capital, maintenance, operating and replacement costs over the entire lifecycle of an infrastructure facility into a single value, which takes into account all expenditures occurring at different stages in the lifecycle of the infrastructure. In this study, the LCC Model is subdivided into two sub-models: Capital Cost Model and O&M Cost Model.
Capital Cost Sub Model
To perform the capital cost calculation, we must have the construction quantity data and unit cost data. The capital cost calculation is conducted in two phases: construction quantity calculation first and then applying the unit cost to the capital cost calculation. Unit cost data can be obtained from some typical commercial cost databases (e.g. RS Means unit cost database), or noncommercial cost database or the users own cost database. In this study, unit cost data are mainly obtained from the RS Means database. A database connection sub-module is developed for this purpose, and Figure 3 .4 shows the unit cost data retried from RSMeans database using the database connection sub-module. The network detailed configuration data can be obtained from the network vertical design and the construction quantity calculation is then performed.
In the construction phase, the stormwater sewer system project can be broken down into unit processes: pipe trench excavation, pipe installation, backfill and compaction, manhole installation. The quantities of pipe trench excavation, backfill and compaction, pipe installation are related to each other.
The cross-sectional shape of the trench is dependent upon several factors (American Iron and Steel Institute, 1980): 1. the design depth below surface (pipe crown elevation), 2. the shape of the conduit structure, 3. the type of soil encountered, 4. foundation material present in the bottom of the trench, and 5. procedures used in placement of backfill around the conduit structure.
The width of the trench box bottom is determined by the outside pipe diameter as illustrated in Table 3 .3. And Table 3 .4 illustrates the relationship between soil type and trench side slope ratio. As long as the soil type and pipe size and pipe crown are known, the trench cross-section shape can be determined. Applying the pipe length with the trench cross-section area, the trench quantity can be obtained. The backfill and compaction quantity equals to the trench quantity minus the product of pipe length and pipe outside diameter. Once the construction quantities are known, the unit cost can be assigned to each unit process and facility component (i.e. conduit, manhole, BMPs). The summation of the products of the quantities multiplied by the corresponding unit costs is the bare capital cost. There are other important costs occurring before the system starts operation. These costs include the design and consultancy cost, constructor overhead, taxes, and other costs that can be treated as contingency costs. Because the RS Means unit cost already includes constructor overhead, we only consider the design consultancy cost, contingency cost and tax in this study. Design consultancy and contingency cost are assigned 15% of the bare cost, while tax is considered to be 7% of the bare cost, applicable in Ontario, Canada. In the design model, the rate of design consultancy and contingency and the rate of tax are input variables. 
O&M Cost Sub Model
All O&M costs can be broken down into four categories: inspection cost, operational cost, repair cost, and others. Typically, the inspection and operational costs occur every year, but unevenly through the lifecycle of a system. Because of aging and deterioration, more frequent inspections and renewals are required as time passes. The problem not only results in inspection and operational costs growing with increase in the service year, but also results in some repair and replacement costs or other unpredictable costs, termed "other costs". In the first few years, say 10 or 15 years, the system usually functions well and does not require repair. However, after the first stage, repair cost will occur routinely. Table 3 .5 shows an example of O&M cost for a system which is of 75-y service period. It represents one hypothetical scenario. In this example, the inspection cost is a yearly cost ranging from 20000 to 40000. Repair practices only occur after the system has been in service over 10 years, and occur once in 5 years. The discount rate for O&M cost is 0.05.
The O&M cost is usually taken to be a proportion of capital cost in project preliminary and feasibility study phases. This study provides two approaches for the user to construct their own O&M cost model. Each cost in each category (i.e. inspection cost, operational cost) for each year can be either a certain value or a proportion of a base cost. In the above example, the inspection cost is given as a certain value and the repair cost is given as a percentage of capital cost. Normally, the base cost is capital cost.
Flood Damage Cost
Rapid urbanization results in more frequent flooding and much more severe flooding damages. These impacts can be considered to be environmental costs. The major purpose of an urban stormwater management system is to reduce flood damages and eventually, minimize the environmental impact resulted from urbanization. The methodology to conduct flood damage cost assessment is:
1. Simulate the N-year rainfall event, and obtain the surcharging data at each manhole. The N value depends on municipal design code. If the design code requires the stormwater management system to control the 5-y storm to pre-development levels, N = 5. 2. If the maximum surcharging elevation is beyond the elevation of the basement, the difference between the maximum surcharging elevation and the basement elevation is the depth of flood surrounding the house. The flood cost calculation then applies to this house. Apply the probability of the N-year event to obtain N-year event flood annual cost (NFC). 6. Use a feasible network configuration solution to conduct flood damage analysis on 2-y, 5-y, 10-y, 25-y, 50-y, 100-y, 500-y rainfall event and regional storm including N-year storm event. Apply probability of each storm event and summarize all the above to obtain the total annual flood damage cost (TFC). 7. The flood damage cost factor is assigned the value of TFC/NFC. 8. Assume the lifecycle of the whole system is M years. Adjust the annual N-year flood damage cost by the flood damage cost factor to obtain the annual flood cost. Apply annual flood cost to M years and obtain the lifecycle flood cost in present value.
Conclusion
A GA-based design optimization model is employed to determine efficient stormwater management system configurations by finding an optimal design solution which satisfies both the design guidelines and design objectives. Lifecycle cost is used instead of capital cost as the evaluation function or objective function for design optimization. Flood damage lifecycle cost is also taken into consideration in the design optimization process. Detailed design configuration and a unit cost database are used to conduct the cost estimation, whereas the traditional approach in literature is to use empirical cost function to perform cost estimation. The approach implemented in this study is much more accurate than the traditional approach. This design model significantly thus improves the design quality.
